UNCLASSIFIED

10296 251

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

~ UNCLASSIFIED



NOTICE: When govermment or other drawings, speci-
fications or other data are used for any purpose
other than in connection with a definitely related
government procurement operation, the U. S.
Government thereby incurs no responsibility, nor any
obligation whatsoever; and the fact that the Govern-
ment may have formmlated, furnished, or in any way
supplied the sald drawings, specifications, or other
data 1is not to be regarded by implication or other-
wise as in any manner licensing the holder or any
other person or corporation, or conveying any rights
or permission to manufacture, use or sell any
patented invention that may in any way be related
thereto.



O T L T

o
3

¢ Y
AN THE MINERAL INDUSTRIES EXPERIMENT STATION
) College of Mineral Industries
N THE PENNSYLVANIA STATE UNIVERSITY
Ckl TECHNICAL REPORT NUMBER 9
L CONTRACT NUMBER Nonr-656(20)
| (Metallurgy Branch)
(4
3" Offlce of Naval Research
i
{
"Reproduction in whole or in part is permitted
for any purpose of the United States Government
4.
¢ ma
< I
;1-’ STEPWISE REVERSAL TRANSFORMATIONS
> & OF

COESITE AND STISHOVITE

Frank Dachille, Rotert J, Zeto and Pu<tum Roy

December 30, 1962 S

University Park, Pennsylvania



PENNSYLVANIA'S
COLLEGE OF MINERAL INDUSTRIES

Division of Earth Sciences
Geology - Mineralogy - Geophysics - Geochemistry - Meteorology - Geography

Division of Mineral Engineering

Mineral Economics - Mining - Mineral Preparation - Petroleum and Natural Gas

Division of Mineral Technology

Ceramic Technology
Fuel Technology
Metallurgy



STEPWISE REVERSAL TRANSFORMATIONS
OF
COESITE AND STISHOVITE

Frank Dachille, Robert J. Zeto and Rustum Roy

"REPRODUCTION IN WHOLE OR IN PART IS PERMITTED
FOR ANY PURPOSE OF THE UNITED STATES GOVERNMENT"
TECHNICAL REPORT NUMBER 9

CONTRACT NUMBER Nonr-656(20)
(Metallurgy Branch)

College of Mineral Industries
The Pennsylvania State University
University Park, Pennsylvania, U.S.A.

December 30, 1962



STEPWISE REVERSAL TRANSFORMATIONS
OF
COESITE AND STISHOVITE

Frank Dachllle, Robert J, Zeto and Rustum Roy

The phase equilibria among the many SiO2 polymorphs
long have been of practilical and theoretlcal interest,
providing as they do a substantlal foundatlon for the study
of structural and chemical aspects of the silicates, With
the recent dlscovery of the new rutile structure polymorph,
stishovite, the importance of the system 1s further enhanced,
The p-t equilibrium stabllity fleld of coesite and stishovite
are indicated in Fig. 1.

The aspect of the relations among the polymorpis that
1s of greatest concern here deals wlth the structural
control of the mechanism of transformation of one phase into
another,

In all the reconstructive transformations among the
8ilica minerals 1t has long been assumed that a short range
order (SRO) intermediate phase is formed as the first step.
Recent data(l) substantiate this idea. Tn spite of the
existence of the SRO iIntermediate step it 1is clear however,
that structural control derived from the parent structure
1s st111 a reality. While Ostwald's stepwlse rule may have
constltuted an over-generalization, i1ts fundamental validity
1s rooted in the transmissal of structural inheritance in

a direct manner via epitaxy or topotaxy, or in a more indirect



manner through an SRO Intermediate.

With the increasing use of cceslte and stishovite(g)
(the high pressure forms of 510,) as indicators of meteorite
Impact, 1t 1s essentlal to know the conditlons under which
these phases would revert to other forms of 8102, and the
structural controls and kilnetles of the various reactions
involved,

The present study 1nvolved quenching experiments and
in situ x-ray methods to follow the mechanisms and kinetics
of the reversal of the high pressure phases coesite and

stishovite to the varlous one-atmosphere-state phases of 3102.

Coeslte

Subsequent to a study of the quartz-coesite equili-
brium () our attention has teen directed to the kinetlcs
of thls reactlon. 1In an effort to determine the activation
volume for the reverse reaction an attempt was made <o
determine how long the metastable coesite would psrsist at
atmospheric pressure 1n air at verious ‘=mperatures, <cuch
data would also bear on the possible ceraric use of coesite,
Coes(u) in his originali paper stated tra* a“ 1700°C coesite
was transformed to cristotalite and ¢ilica glass., Tn the
present work samples from *wo 'large' tatcres of synthetic
coeslte were heated at varilous temperatures for varying
lengths of time, and examined optically and by x-ray

diffraction. It has been found that at texpsratures from
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1100 to 1350°C, coesite apparently ‘transforms to quartz,

and the quartz formed then transforms toc crisgstobalite. We
have here evldence for the metastable formation of quartz

in the range of stability of a less dense polymorph., In the

o

case of the L12O~A1203—Si02 system‘b), the formation of
quartz in a few seconds below 870°C and 1ts sutsequent
persistence above thls temperature gives ris- to a similar
apparent phenomenon but this possibiiity 1is ruled out on the
present work since the coesite does not transform at all
below 870°C., Furthermore, no solid solu*ions of quartz are
involved here, A few typical runs gare summarlzed 1in Figure 2
and Table 1, (The run in whilch tridymite was ottained was
the only one among several similar runs). I* will te noted
that this constitutes to-date the only atmospnsric pressure
synthesis of quartz in the &bsence of any tineralizer”,

The only other way to form quartz from otrer forms of silics
without milnerallzers other than small amounts of water 1s
under pressures up to 20 kb at atout 530°.,

With the use of a hign temperatur: ¥-ray farnace(6) the
unmistakable growth of quartz on ntating co=si‘e cn heating
coesite (™17 microns) at 1150°> wsas ¢.1d-n* in *n- grow'h
of the quartz (101) diffraction peak ir 're tir:zt 15 minutes
at thils temperature, At tnis ‘im- tr- 1 -2rat-d intensities
of the quartz (101) and B-cristotaii'< {:i.) and ‘n: coesite
(130) were atout 1/2, 2 1/2 and 1/2 ‘1ime- r=spectlively ‘tnat
of the initlal coesite (130). Pericdic sacnning cf these

maxima through flve hours showed tnat tr. B-cristotralite
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(111) intensity increased further (to adbout 5 times) but
the coesite and quartz essentlally disappeared, coesite the
more rapidly.

This rapld growth of cristobalite 18 noteworthy whether
it arlses from an SRO phase directly from the coeslte or from
quartz intermediate, Under dry conditions cristobalite
was found to crystallize from slillca glass powder only after
1/2-1 hour at 1300°C (7), and from quartz (-325 mesh) we
observed no growth by 1in-situ x-ray methods 1n 10 hours at

1200°C, and only 5% after an additional 6 hours at 1250°C,.

Stishovite

All the experiments were conducted with a natural
stishovite(S) sample weighlng 20 mg* 1in all and were
limited to statlc, quench-type runs at different temperatures
using platinum envelopes to hold 1-2 mg samples, The data
in Table 2 show clearly that the stishovite differs markedly
from the coeslte in metastable persistence, It withstands
exposure to 400-500°C for a few hours, but becomes amorphous
to x-rays in less than 5 milnu%es between 650 and T750°C,
At higher temperatures and longer heating times (1/2-18
hours) crystallization of quartz (in the stability field
of tridymite) in the presence of the SRO phase is again
observed, Although cristobalite 1s the first to be observed
by x-ray diffraction it is btarely evident microscopically

after 18 hours at 1100°C whereas the quartz appears as well
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formed crystals after 2 hours., No evidence of a transient
formation of coesite from the much denser stishovite has
as yet been found.

In Figure 3, we attempt to summarize schematically some
of the results obtained and a probable interpretation. The
unanswered question 1s whether or not the coeslte goes
directly to quartz, or whether it first forms a "Jense",
fine grained SRO phase, which then converts to quartz.

In the case of stishovite it appears inconceivable that

the 6-coordinated rutile structure could avoid the SRO

stage and indeed there 1s direct evidence for 1ts formation
and subsequent conversion at loy temperatures, The relative
amounts of the various phases formed in any particular run
might be explalned on the basls of the competing reactions
stishovite (or coesite) — SRO; S1.0 — qtz; qtz -+ SRO, and

SRO = crist with widely differing activatlon energiles.

SUMMARY

Very marked differences 1In the metastable persistence
for coesite and stishovite have been demonstrated, the former
possibly persisting indefinitely below 1000°C at 1 atm,
"dry", the latter decomposing in mlnutes above 500-600°C
to an SRO phase, Quartz has been grown metastably well above
1ts stability field from Loth coesite, and stishovite,

possibly via an SRO phase. The absence of stishovite in
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meteor-impact craters cannot be taken as possible evlidence
that it was not formed, If 1t has "reversed"” in a normal
natural enviroment the product would almost certainly

be an SRO phase or derivatilve,
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FIGURE LEGENDS

Figure 1 The p-t phase dlagram for 8102 for quenchable phases,
The coeslte-quartz flelds after Dachille and Roy(3)
and Boyd and England(1®), The coesite-stishovite
fields tentatively determined after the minimum
points of Sclar et al(e), tr.e slope belng commensur-
able with the AH(tr) of the 4 to 6 coordination
change for Ge02 atz -+ rutile,

Figure 2 1Influence of time and temperature on the alteratlon
of coesite, Time 1s plotted on a logarlthmlc scale,
Solid and dotted filling indicate relative amounts
of quartz, cristovallte and tridymlte phases present,
Circle and square points ere for separate lots of
concentrated coesite, wlth graln sizes averagilng
8 and 17 microns respectively. The square marked
X represents the average observations during & 5

hour high temperature x-ray study,

Figure 3 Scheme of the most likely reversal paths of coeslte

and stishovite,
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Transformation of Coesite¥* at Atmospreric Pressure

T%gp. Time Prodyct**

750 12 hours Coesite

850 24 hours Coesite

1075 24 hours Coesite

1120 30 minutes 10% Quartz, 90% Coesite

1200 30 minutes 15% Quartz, 85% Coesite

1200 4 hours 55% Coesite, 30% Quartz,
15% Cristobalite

1200 10 hours 15% Coesite, 30% Quartz,
55% Cristobalite

1250 2 minutes 5% Quartz, 50% Coesite

1250 60 minutes 10% Quartz, 90% Coesite

1300 15 minutes 75% Coesite, 20% Quartz,
5% Cristobalite -

1300 30 minutes 50% Coesite, 25% Quartz,
29% Cristobalite

1300 60 minutes 25% Coesite, 25% Quartz,
50% Cristobalite

1300 24 hours 25% Cristobalite, 75%
Tridymite

1300 100 hours 100% Cristobalite

*The coesite was obtained from a number of runs in uniaxial

apparatus which were combined and then cleaned by 5% HF washes,

Spectroscopic analysis Ni, 0.2%; Pt. 0,1%; Fe, trace; no

othe

**Amounts are very roughly estimated from powder x-ray pattern.
The percentage converted may be a function of particle size and

r elements detected.

previous treatment of the starting material.
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Table IT
Atmospherlc Heat Treatment of Stishovite

Temp., Time X-ray Results Bulk
(Hrs.) Microscope Color
1100 18 Cr. + Qz, Qz. + Amorph. + Cr. White
1100 2 Cr. + Qz. Qz. + Amorph. + Cr, White
1060 0.5 Cr. Amorph. (n=1.456) White
1040 0.1 Amorph, Amorph. (n=1.,456) White
750 0.1 Amorph, Amorph .2 White
750 0.2 Amorph, Amorph. White
650 0.2 Weak Stish, Stish. + Amorph.P Grey-White
500 0.2 Stish, Stish, Grey
Los 3.5 Stish. Stish, Grey
350 0.2 Stish, Stish, Grey
130 0.5 Stish, Stish, Grey
900 6.0 Crist. (2) (From synthetic material)
500 ? Amorph, (9) (From natural material)
a) Apparent index of very finec gralned aggregate = 1.48
b) Apparent index of very fine grained aggregate = 1,50
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